The CO2 dry reforming of various types of waste plastics (LDPE, HDPE, PS, PET and PP) and a simulated mixture of the different waste plastic was investigated over a Ni-Co-Al catalyst using a two-stage reactor. The first stage pyrolysed the plastics and the second stage involved catalytic dry reforming of the product pyrolysis gases with CO2. The introduction of CO2 without catalyst markedly increased the dry reforming reaction and significantly improved the production of H2/CO synthesis gas (syngas). The introduction of the Ni-Co-Al catalyst further significantly improved the production of syngas. LDPE produced the highest yield of syngas at 154.7 mmolsyngas g -1 plastic from the pyrolysis-catalytic dry reforming process. The order of syngas production for the different plastics was, LDPE<HDPE<PP<PS<PET. The syngas yield from the processing of the simulated waste plastic mixture was 148.6 7 mmolsyngas g -1 plastic which reflected the high content of the linear polyalkene plastics (LDPE, HDPE, PP) in the simulated waste plastic mixture.
INTRODUCTION
Global plastics usage continues to increase due to high industrial and consumer demand 1 . In 2012, 65.41 million tonnes of polyethylene (PE), 52.75 million tonnes of polypropylene (PP), 37.98 million tonnes of polyvinyl chloride (PVC), 19.8 million tonnes of polyethylene terephthalate (PET) and 10.55 million tonnes of polystyrene (PS) were produced worldwide 2 . Inevitably, more plastics consumption results in more production of waste plastics. Waste plastics can be recovered from the waste stream and processed for example, through mechanical recycling to produce new plastic products, used for energy recovery via incineration, pyrolysed to produce oils, gasified to syngas or landfilled 3, 4 .
Synthesis gas mainly consisting of hydrogen and carbon monoxide is viewed as one of major alternative energy source. Waste plastics are among the potential sources for synthesis gas production due to their high hydrocarbon content [5] [6] [7] . Many researchers have reported on the thermal and catalytic cracking of waste plastics for H2 as well as synthesis gas production [8] [9] [10] [11] .
Dry reforming or the use of carbon dioxide for hydrocarbon reformation, is an interesting process to produce syngas since CO2 is known to be cost effective, recyclable and a toxic-free carbon source. In addition, with the increasing concern in regard to global warming linked to the emission of greenhouse gases there are projected to be an expansion of CO2 captures processes. Rather than CO2 storage underground, the utilisation of CO2 for the production of syngas would be of economic and environmental benefit.
In this work, pyrolysis-catalytic-dry reforming of different types of waste plastics (LDPE, HDPE, PS, PET, PP) as well as a simulated mixture of the waste plastics representative of municipal solid waste plastic has been investigated. A twostage, pyrolysis-catalytic reforming reactor system has been used where the evolved gases from pyrolysis of the plastics are passed to the 2 nd reactor where catalytic dry reforming takes place. The comparison between the thermal cracking and the CO2 dry reforming process has been studied. The effect of Ni-Co-Al catalyst in relation to the CO2 reformation of waste plastics pyrolysed gases has also been investigated. The NiCo-Al catalyst has been shown to be efficient for enhancing the syngas yields and reducing the coke formation on the catalyst surface from dry reforming of plastics as reported in our previous studies 12 . The characteristics of the coke deposited on the catalyst are also reported. production. N2 was used as a purge gas. When CO2 was used in the experiments, a total mass of 8 g of carbon dioxide was injected at the inlet to the 2 nd stage reactor throughout the experiment at a continuous CO2 flow rate of 6.0 g h -1 . In regard to the possible back mixing of the injected CO2 with the plastic in the first reactor, this was not deemed to be significant. The plastic sample was held in a stainless steel crucible and the evolved pyrolysis gases were swept into the second reactor by a continuous purge of nitrogen.
MATERIALS AND METHODS
CO2 was injected into the second catalytic reactor after pyrolysis, thereby the CO2 and hydrocarbons from pyrolysis of the plastics interact on the catalyst or sand.
The condensable product gases from the two-stage dry reforming experiments were condensed in a triple condenser system. Non-condensed gases were passed to a 80 L Tedlar TM gas sample bag and analysed later using different packed column gas chromatographs (GC). C1-C4 hydrocarbons were determined with a Varian 3380 GC, equipped with a 80-100 mesh HayeSep column, N2 carrier gas and FID. H2, CO, O2 and N2 were determined with another Varian 3380 GC equipped with a 60-80 mesh molecular sieve column, Ar carrier gas and a TCD. CO2 was determined with second
Varian 3380 GC but using a 80-100 mesh HayeSep column, Ar carrier gas and TCD.
Several repeat experiments were carried out to ensure the reliability of the data.
All the products of pyrolysis, including pyrolysis residue, liquid products, mass of gases and carbon deposition were determined to obtain the mass balance. In most of the experiment, the liquid yield consists of condensed oil and wax. In dry reforming, water could be produced due to the reverse water gas shift reaction (Reaction 1) at higher temperature 15 . However, only a little water was obtained for each dry reforming experiment.
CO2 + H2 = CO + H2O (Reaction 1)
The CO2 conversion (%) was calculated according to the following equation:
where is the molar flow rate of carbon dioxide introduced into the system and is the molar flow rate of the total carbon dioxide obtained after the experiment. It should be noted that some CO2 might be produced during the experiment since the samples were collected as waste polymer pellets, however the amounts were very low and were neglected. 18 in their study on the thermal decomposition of individual and mixed plastics in an electrically heated vertical tube reactor, also found that PS was mainly decomposed into liquid at 600 °C. They also concluded that the main component of the decomposition was styrene, principally responsible for the nC9 fraction.
RESULTS AND DISCUSSION

Non-catalytic CO2 Dry
The gases produced for the non-catalytic none CO2 reforming experiments showed only small amounts of CO2 were produced. The CO2 produced for the experiment with PET produced about 0.13g of CO2, or 6.5 wt.% of CO2. Therefore, the product CO2 from the plastics was neglected in the CO2 conversion calculations.
The two-stage dry-reforming of HDPE, LDPE, PP, PS, PET was carried out, again in the absence of catalyst (instead, substituting quartz sand) at a CO2 flow rate of 6.0 g h -1 . The product yield and syngas yield are shown in Table 3 . In these dry reforming experiments, all the plastics showed a large increase in gas yield with more than 90 wt.% gas yield for each of the waste plastics. There was a corresponding marked reduction in liquid yield for all the plastics. The sand therefore shows a significant activity in relation to the interaction of the pyrolysis gases and CO2. Sand can contain trace levels of metal contaminants which may act as a catalyst for reaction. It is suggested that the presence of CO2 contributes to the thermal cracking of large molecular weight hydrocarbons in the second stage reactor by introducing the dry reforming reaction (Reaction 2), hence increasing the amount of gases yield compared to the experiment with no carbon dioxide.
CxHy + xCO2 = 2xCO + y/2 H2 Reaction 2
In contrast, the amount of carbon deposited on the quartz sand in the second stage reactor was reduced by more than 85% with the introduction of CO2 for the dry reforming experiments for all plastics (Table 3 ) compared to the experiment with no CO2 addition ( Table 2 ). The reduction of carbon deposition might be caused by the Boudouard reaction (Reaction 3) of CO2 and carbon to produce carbon monoxide in the dry reforming experiment. Figure 2 shows that a marked increase in CO yield was obtained for the dry reforming of the plastics over the quartz sand. A study of CO2-gasification in a macro-TGA by Meng et al. 19 found a large impact of mass loss on CO2-gasification of biomass due to their high fixed carbon, they also found a slight impact on mass loss from CO2-gasification of PET, PVC, PP and PS at temperatures above 750 °C. Chen et al. 20 also concluded that there was a high conversion efficiency of CO2 and carbon in the gasification of combustible solid waste including PE and PS at a high temperature range (> 700 °C) was found in a CO2 atmosphere compared to that in a N2 atmosphere.
CO2 + C = 2CO Reaction 3
The gas composition and syngas production from the two-stage dry reforming of HDPE, LDPE, PP, PS and PET with CO2 in the presence of quartz sand (no catalyst) are shown in Figure 2 which shows the gas yields of CO, H2, CH4 and C2-C4. PET showed the highest concentration of CO compared to other plastics in the experiment with no carbon dioxide. The gas concentration of HDPE, LDPE and PP showed comparable behaviour with quite high concentration of CH4. The H2 concentrations were also similar for these three plastics. By comparison, there was a large increase in CO yields for all plastics for the dry reforming experiments compared to the absence of CO2. There were only small differences in the H2 yields for all plastics in both conditions. It also appears that the introduction of carbon dioxide has only a small influence on the CH4 and C2-C4 yields except for HDPE, which showed a reduction from 0.40 to 0.10 ggas g -1 plastic. Figure 3 shows the yield of syngas (H2 + CO) and CO conversion for the thermal processing of the waste plastics under the different process conditions. The highest syngas yield was produced by LDPE at 117. . LDPE also showed a large reduction of carbon deposition on the quartz sand with an ~90% reduction when CO2 was introduced as the reforming gas (Comparison of Table 2 and Table 3 ). CO contributed more than 70% to the total of syngas production in the dry reforming experiment. For the CO2 dry reforming experiments, the highest CO2 conversion was with HDPE at 40.8%, followed by LDPE (37.9%), PS (32.1%), PP (31.9%) and PET (2.9%) (Figure 3 ).
Ni-Co-Al Catalytic CO2 Dry Reforming of Waste Plastics. The pyrolysis-CO2 dry reforming of the different waste plastics, (HDPE, LDPE, PP, PS and PET) was
carried out with the Ni-Co-Al catalyst. The product yields, gas compositions and syngas production/CO2 conversion for the catalytic-dry reforming of HDPE, LDPE, PP, PS and PET are shown in Table 4 , Figure 2 and Figure 3 . Table 4 shows that when the Ni-Co-Al catalyst was added to the 2 nd stage, there appeared to be little change in the product yields, however, the composition of the gases was significantly changed (Figure 2) . Also, the carbon deposited on the catalyst was reduced by more than 50% with the Ni-Co-Al catalyst addition for the dry reforming of the various waste plastics. For example, the carbon deposits on the catalyst were followed by PP with a 41% increase, LDPE with 37%, PS with 35% and PET with a 24% rise in syngas yield (comparison of Table 3 and Table 4 ). The carbon dioxide conversion was also increased for all plastics in the presence of the Ni-Co-Al catalyst.
The addition of catalyst enhanced the dry reforming reaction in the gasification reactor as well as reducing the formation of carbon on the catalyst surface compared to the noncatalytic experiment. Goula et al. 21 also reported that the presence of catalyst in dry reforming process enhanced syngas production.
Catalytic CO2 Dry Reforming of Mixed Waste Plastics. Catalytic (Ni-
Co-Al catalyst) dry reforming of a simulated mixture of the waste plastics was carried out, blending the different waste plastics to produce a representative mixture as that found in municipal solid waste 13 . In addition, a baseline experiment using quartz sand and CO2 was carried out. The results are shown in Table 5 . The experiment in the absence of CO2 and catalyst/quartz sand was not carried out, since comparison here was to show the influence of the dry reforming Ni-Co-Al catalyst on syngas production.
As shown in Table 5 , the addition of the Ni-Co-Al catalyst decreased the amount of product liquid from 1.4 to 0.6 wt.% and catalyst carbon deposits from 5.5 to 1.7 wt.%.
However, the gas yield increased from 87.6 to 97.1 wt.%. Figure 2 shows the composition of gases produced from the dry reforming of the simulated waste plastic mixture. CO contributed the highest gas yield with the quartz sand and also the Ni-Co- swp. This suggests that the addition of the catalyst enhanced the dry reforming reaction (Reaction 2), therefore more CO and H2
was produced. Figure 3 shows that the CO2 conversion increased from 38.2% to 56.5% when the Ni-Co-Al catalyst was added into the CO2 dry reforming reaction compared to quartz sand. This is also in agreement with the increase in the total syngas production from 91.3 to 148.6 mmolsyngas g -1 swp. By comparison, the gas compositions from the CO2 dry reforming of the simulated mixture of the waste plastic were similar to the gas compositions from the dry reforming of LDPE and HDPE, suggesting the high fraction of these two plastics (42 wt.% LDPE, 20 wt.% HDPE) in the simulated mixture of waste plastics dominated the product yields and gas compositions.
Characterization of the Coked Catalyst.
The carbonaceous coke deposits on the catalyst for the dry reforming experiments with the Ni-Co-Al catalyst were examined by SEM and TPO. Figure 4 shows the SEM micrographs of the reacted NiCo-Al catalyst from dry reforming of the different waste plastics and the simulated mixture of plastics. SEM observation shows that most of the carbons were amorphous in nature. Only the carbon deposited on the catalyst from dry reforming of LDPE showed any signs of the presence of filamentous carbon. The micrographs of the catalyst used for dry reforming of the different waste plastics suggest that the surface of each catalyst used developed a different surface structure depending on the type of plastic used. There was an indication that larger particles were observed for the used catalyst with PP and PS processing and LDPE produced a more amorphous structure compared with the used catalyst from SWP processing which showed smaller, more uniform particle. This may be associated with the formation of carbon on the surface or particle sintering during the catalytic dry reforming reactions 22 . The carbon formation on PS may also be due to layered carbons (reactive carbon) formation on the catalyst surface from the reformation of heavier hydrocarbon compounds from pyrolysis of PS 23 .
Temperature programmed oxidation (TPO) was also carried out on the catalyst after reaction to determine the type of carbon deposited on the catalyst surface. The TGA-TPO and DTG-TPO thermograms of the coke formed on the Ni-Co-Al catalyst from the dry reforming of LDPE, HDPE, PS, PET, PP and the simulated waste plastic mixture (SWP) are shown in Figure 5 . TGA-TPO observation shows an initial weight gain for all of the used catalyst, which is attributed to the oxidation of the nickel in the Ni-Co-Al catalyst. The DTG-TPO thermograms shows that all the catalyst have an increase in peak weight at around a temperature of 400 °C -500 °C, attributed to the oxidation of the nickel. LDPE showed a weight loss peak around 550 °C due to the combustion of carbon on the catalyst surface during the TPO experiment, this has been confirmed by SEM analysis where filamentous type carbons were observed on the catalyst surface. Some of the samples, e.g. PS and the SWP showed another weight loss peak at high temperature around 720 °C. Dong et al. 24 suggested that oxidation of carbon at these high temperature above 500 °C might be due to the formation of a large amount of inert carbon (such as amorphous or crystalline graphitic carbon) on the catalyst surface. Sengupta et al. 25 discussed in their TPH analysis of 15Ni/Al2O3, NiCo/Al2O3 and 15NiCo/Al2O3 that a high temperature peak of H2-consumption around 820 K has been observed on these three catalysts. They concluded that these high temperature peaks were assigned to those carbon species that were inactive and may cause catalyst deactivation.
CONCLUSIONS
In this paper, the pyrolysis-catalytic CO2 dry reforming of various types of waste 
